Solid-phase extraction (SPE) coupled with high-performance liquid chromatography (HPLC) with fluorescence detection were employed to determine trace polycyclic aromatic hydrocarbons in water samples. In this way, the use of cartridges containing cyclodextrin-silica hybrid microporous solid phases was proposed. The experimental results indicated that the method provided relative standard deviations of below 15% and detection limits recorded were 12, 1.2, 12, 38, 4, 6 and 4 ng L -1 for benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[g,h,i]perylene, indeno[1,2,3]pyrene, benzo[a]pyrene, dibenzo[a,h]anthracene and benzo [a]anthracene, respectively. Moreover, the method was successfully applied for the determination of these organic compounds in water samples, where they were found to be in the 7 to 580 ng L -1 range. It can be concluded that the major advantages of cyclodextrin-silica hybrid microporous solid phases are that they reduce the consumption and the toxicity of the solvent and the time consumption of the sample treatment step.
Introduction
Polycyclic aromatic hydrocarbons (PAH) are products of incomplete combustion of fossil fuels; they have boiling points of over 200 C. The most common sources of polycyclic aromatic hydrocarbons are waste incineration, incomplete combustion of carbon-containing materials, combustion procedures in industrial processes, traffic, heat generation, cigarette smoke or residential heating. 1 Natural sources, including volcanic eruptions and forest fires, can also emit PAH. 2 These compounds are semi-volatile and, consequently, they are present in the atmosphere as gaseous phase and adsorbed in atmospheric particles. In water samples, the concentration of organic pollutants is found at the μg L -1 level due to their low solubility, 3, 4 being their most important sources pollution, such as oil spills or wood preservative pollutants.
There has been growing interest in monitoring PAH in environmental samples in recent years due to their harmful effects on health and the ecosystem. 5 Some of these compounds have been demonstrated to be carcinogenic and/or mutagenic, and some of them are considered to be priority pollutants by the Environmental Protection Agency (EPA). Furthermore, polycyclic aromatic hydrocarbons can remain in the atmosphere for a long time, and therefore they are included in the group of persistent organic pollutants.
The PAH levels in water are listed as priority substances requiring monitoring by water policies. Thus, to control the water environmental quality, the maximum concentration of benzo[a]pyrene is monitored, expressed in annual average levels, with a limit of 1.7 × 10 -4 μg L -1 and of 0.27 μg L -1 as the maximum permissible concentration in inland surface waters. 6 Moreover, for European member states, there is an upper limit of 0.1 μg L -1 for PAH in drinking water, expressed as the sum of benzo[g,h,i]perylene, benzo[b]fluoranthene, benzo[k]fluoranthene and indeno [1,2,3-cd] pyrene. 7 The determination of polycyclic aromatic hydrocarbons in water requires previous preconcentration. In addition, in the case of highly contaminated water, such as waste water, simultaneous separation of interferences is required. For this reason, the main problem hindering PAH determination concerns the lack of accuracy and precision of results, mainly derived from the sampling and sample preparation stages. 8, 9 There are several procedures for PAH preconcentration and interferences elimination, but they all have both advantages and disadvantages.
Thus, liquid-liquid extraction 10,11 has the following disadvantages: use of toxic solvents, which are expensive and polluting; formation of emulsions, low preconcentration factors and time-consuming analysis. Another drawback is that these methods often involve working with large samples. For membrane-based extraction methods, 12, 13 the selection of the most appropriate membrane type is critical. Solid-phase extraction (SPE) 5, 14, 15 provides good results, but has some draw-backs, such as time-consuming procedures or solvent toxicity. Solid-phase microextraction (SPME), liquid-phase microextraction (LPME) and stir bar sorptive extraction (SBSE) have been developed as alternatives to SPE, but they are also subjected to the matrix effects. 2, 16, 17 The use of aqueous solutions of cyclodextrins (CD) for cleaning contaminated soils is described. 18, 19 The immobilization of cyclodextrin in nanosponges and nanocomposites makes them suitable for cleaning contaminated waters. 20, 21 Moreover, the preparation of fibers and membranes with linked cyclodextrin allows for the extraction of some organic compounds from urine samples, 22, 23 water samples 24-29 or soil samples. 30 Recently, we designed samplers for determining volatile organic compounds in air samples based on the use of a solid-phase containing immobilized cyclodextrin. 31 The aim of this work is to study the potential uses of these type of solid phases as fillers of solid-extraction cartridges for the isolation and preconcentration of organic contaminants in water samples by SPE.
Material and Methods

Instrumentation and reagents
The PAH standards were bought from Fluka (Buchs, Switzerland) as a polycyclic aromatic hydrocarbons calibration mix of 10 μg mL -1 . All of the solvents used in the extraction and analysis procedures were of HPLC grade quality (Merck, Darmstadt, Germany).
Sodium chloride and hydrochloric acid 37% were purchased from Panreac (Montcada i Reixac, Spain).
Tetraethyl orthosilicate, β-cyclodextrin and γ-cyclodextrin Fluka (Buchs, Switzerland) and 2-hydroxypropyl-β-cyclodextrin (β-HPCD) Aldrich (St. Louis, 40) were used.
Recently, we described a new family of solid phases based on cyclodextrin-silica hybrid microporous nanocomposites. 31 The stoichiometry of theses materials, which can incorporate a diversity of cyclodextrin in variable amounts, corresponds to the general formula (CD)xSiO1.5(OH)0.5·0.7H2O, where the x value depends (among other parameters) on the cyclodextrin type (x = 0.0007, 0.0013 and 0.0016, for solids containing β-cyclodextrin, 2-hydroxypropyl-β-cyclodextrin and γ-cyclodextrin, respectively). A preliminary part in the present work concerned cyclodextrin selection. We observed that 2-hydroxypropyl-β-cyclodextrin led to a better PAH recovery, and thus this cyclodextrin was selected.
Hence, the (β-HPCD)0.0013SiO1.5·0.7H2O solid phase was synthesized as follows: a 0.015 M aqueous solution of 2-hydroxypropyl-βcyclodextrin (60 mL) was mixed with 48 mL of tetraethyl orthosilicate under vigorous stirring. During this reaction, the pH was adjusted in the 1.7 -2.0 range by adding small amounts of hydrochloric acid. Under these conditions, hydrolysis and condensation of the silicon alkoxide was favored, and an evolution from an immiscible mixture to a homogeneous solution occurred, as expected. Finally, in order to favor the condensation process and the subsequent inclusion of 2-hydroxipropil-β-cyclodextrin molecules in the silica support network, the ethanol (generated through the tetraethyl orthosilicate hydrolysis) was removed under a vacuum at 70 C. Finally, the formed gel was dried at 50 C for 24 h, crushed and sieved to adjust the particle size to the 600 -1000 μm range (in order to avoid excessive particle packing); cartridges containing 500 mg of this solid phase were prepared by using cylindrical beds of polypropylene and cellulose filters .
The resulting solid-phase architecture consisted of an inorganic silica network containing well-dispersed 2-hydroxypropyl-βcyclodextrin trapped molecules inside cage-like interconnected micropores. The porosity and easy accessibility to cyclodextrin molecules were supported by textural parameters, such as the total area (535.7 m 2 /g), pore volume (0.25 cm 3 /g) and pore size (1.21 nm) of the material. Moreover, NMR studies confirmed that no 2-hydroxypropyl-β-cyclodextrin degradation occurred under the preparative working conditions. 31 Nanopure water from a Brastead purification system was employed. A Vac Elut 20 connected to a diaphragm vacuum pump (CKNF Model N 0.26.3 AN 18) was employed to treat the samples. The sample flow rate through the cartridges was 3 mL min -1 .
Analytes were then separated using an L-7100 liquid chromatograph, equipped with a F-1080 fluorescence detector (Merck-Hitachi), an L-2300 column oven (Hitachi) and an L-7614 degasser (VWR International). The analytical column was SUPERCOSIL TM LC-PAH (25 cm × 4.6 mm, 5 μm) and the guard column C18 Supelco; both were thermostatically controlled at 25.0 ± 0.5 C. On the other hand, detection was carried out by using an excitation and emission wavelength program (0 -19.5 min λexcitation/λemission 280/330 nm; 19.5 -39 min λexcitation/λemission 280/410 nm; 39 -45 min λexcitation/λemission 300/500 nm) and separation was carried out at a constant flow of 1.5 mL min -1 with acetonitrile:water as mobile phase, working with elution gradient (0 -5 min CH3CN-H2O 40:60; 5 to 30 min from CH3CN-H2O 40:60 to 100% CH3CN; 30 -40 min 100% CH3CN). Injection volume was 20 μL.
A brief graphical abstract of the experimental procedure carried out is illustrated in Fig. 1 .
Optimization study
In the solid-extraction procedure, the enrichment performance could be influenced by several parameters. Thus, the factors that affected PAH retention in the solid phase and their elution were studied. We selected six PAH to carry out the study: the optimization study, because it was not possible to detect it in all cases.
In order to carry out the optimization study, calibration solutions of between 0 and 20 μg L -1 were prepared, and the recovery obtained from spiked samples was used. In this case, the recovery was calculated from the ratio between the obtained concentration and the theoretical concentration. The procedure was optimized by varying one parameter at a time while keeping the other parameters constant. The studied parameters were: nature and amount of solid phase, ionic strength, pH, sample volume and PAH concentration, and nature of the elution solvent.
Analytical figures of merit
The limit of detection (LOD) was expressed as the concentration or mass flow of the substance of interest in the mobile phase giving a detector signal equal to twice the noise level: 32
where S is sensitivity and N is noise, calculated as the amplitude of the envelope of the baseline, which includes all random variations of the detector signal.
In the case of concentration-sensitive detectors, such as fluorescence detection, S is calculated per unit of concentration in the mobile phase:
where Ei is the peak height and Ci is the concentration of the particular substance in the mobile phase as the detector. In this way, the limit of quantification (LOQ) was expressed as 3.04 times the limit of detection. 32 In addition, the linearity was also considered.
In order to establish the analytical parameters, aqueous calibration solutions of between 0.1 and 0.8 μg L -1 were prepared; following the recommended procedure showed in the Results and Discussion part, the recovery of the analytes was evaluated by analyzing different spiked samples. The considered samples were two tap-water samples (0.1 and 0.6 μg L -1 ), a water-hole sample (0.6 μg L -1 ), a river sample (0.6 μg L -1 ) and a salt-water sample (0.6 μg L -1 ). The reproducibility of the extraction method was calculated based on the variation coefficient (ratio between the standard deviation and the recovery average) of the results obtained from a triplicate extraction of each spiked water matrix. Furthermore, the concentration factor was calculated as the ratio between the sample volume and the extract volume, while taking into account the recovery obtained for each of the studied analytes.
Since the various organic and inorganic components contained within natural water samples can greatly impact the recovery of PAH measured by applying the described method, the matrix effect was also studied, using the same previously indicated spiked samples.
Analysis of samples
Standard aqueous solutions containing between 0.1 -0.8 μg L -1 of PAH were prepared, and the recommended procedure was followed to carry out the sample analysis. It is important to highlight that conductivity of a 2 M ionic strength solution; also the conductivity of all samples was measured previously to prove whether if it was necessary or not to add NaCl. The concentrations for all analytes in samples were calculated by applying the concentration factor and the recovery of each analyte. 
Results and Discussion
Optimization of sample treatment
A study concerning the nature of the solid phase was carried out using cyclodextrin-silica hybrid microporous solid-phases of β-cyclodextrin, γ-cyclodextrin and 2-hydroxypropyl-βcyclodextrin. The chemical and physical parameters of these solid phases are described in our previous paper. 31 Spiked samples containing 0.25 μg L -1 of PAH were prepared, and 25 mL of them were introduced inside the extraction cartridge containing 500 mg of solid phase. Analytes were eluted with 4 mL of acetonitrile and injected for HPLC analysis. The results indicate that the cyclodextrin-silica hybrid microporous solid phase prepared with 2-hydroxypropyl-β-cyclodextrin provided better results. The obtained recovery was 37% for benzo[b]fluoranthene (30 and 35% using β-cyclodextrin and γ-cyclodextrin), 41% for dibenzo[a,h]anthracene (34 and 29% using β-cyclodextrin and γ-cyclodextrin) and 27% for benzo[a]pyrene (24 and 26% using β-cyclodextrin and γ-cyclodextrin).
At this point, it seems important to prove the benefits of including cyclodextrin in the silica network of the solid phase for polycyclic aromatic hydrocarbons extraction, because silica materials could be capable of extracting organic compounds from water matrices. With this objective, spiked samples containing 1.6 μg L -1 of PAH were prepared; 25 mL of them were placed into the extraction cartridge, and the analytes were eluted using 4 mL of acetonitrile. The results indicated that the presence of cyclodextrin in the solid phase could improve the recovery obtained using a silica solid phase without cyclodextrin. The results obtained using the solid phase in cyclodextrin absence rounded recoveries of 15 ± 3% under this conditions. Then, the amount of solid phase was determined using 2-hydroxypropyl-β-cyclodextrin as a cyclodextrin precursor. Cartridges containing 100, 250 and 500 mg of solid phase were prepared. Subsequently, 25 mL of a spiked sample containing 0.6 μg L -1 of PAH were introduced into the extraction cartridge, and the analytes were eluted with 4 mL of acetonitrile. The recoveries obtained using cartridges of 100 mg were significantly lower than results from 250 and 500 mg cartridges, that did not differ significantly. The recovery rates between pH 2 and 8 were not significantly affected. In fact, not only there did not exist any clear tendency in the obtained recoveries, but also some of the studied compounds improved their recovery when varying pH and others of them decreased it. For example the recoveries obtained by keeping pH 2, 5 and 8 were, respectively: 57, 40 and 49% for benzo[a]anthracene; 54, 36 and 42% for benzo[k]fluoranthene and 60, 59 and 37% for benzo[a]pyrene. However, the ionic strength did influence the recovery.
The addition of salt to the aqueous solution can decrease the solubility of nonpolar analytes in water and enhance the distribution coefficient of the solute to the SPE materials. The influence of the ionic strength was studied based on the recoveries obtained with NaCl 1 M, 2 M and 3 M; the results proved that the peak area of PAH increased with NaCl 1 M to 2 M (reaching peak area increases of 100%) and remained constant with NaCl 2 M and 3 M with peak area variations between -10% and 14%. For this reason, an ionic strength of 2 M was chosen to continue with the preconcentration method.
Furthermore, we studied the use of methanol as an eluent, since it is more environmentally friendly and less costly than other organic solvents, like acetonitrile. As can be seen in Table 1 , for most of the analytes, the recoveries using methanol as the eluent were slightly higher than those obtained using acetonitrile. It is important to highlight the case of benzo[g,h,i] perylene and dibenzo[a,h]anthracene, whose recoveries were significantly better using methanol, so methanol was selected as solvent.
Finally, we studied the influence of the sample volume and the analyte concentration on recovery rates. To this end, following the same procedures as described above, 10, 25 and 50 mL of samples containing 0.6 μg L -1 of PAH and NaCl 2 M were introduced into the extraction cartridge. For benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene and benzo[g,h,i]perylene, the obtained recoveries were 39, 55, 49, 42, 58 and 72%, respectively, using 10 mL of the sample, whereas sample volumes of 25 and 50 mL gave rise to lower recoveries. For example, recoveries obtained for the previously named compounds were 33, 42, 42, 29, 51 and 50% using 25 mL and 26, 31, 31, 29, 52 and 45% for 50 mL of sample. In conclusion, the results for the samplevolume study indicated that the recovery rates decreased with increasing sample volume.
Furthermore, the recoveries obtained from spiked samples containing 0.4 and 0.6 μg L -1 of PAH did not differ significantly, being the major recovery differences between 10% in the case of benzo[g,h,i]perylene and 5% in the case of benzo[b] fluoranthene.
Subsequently, studies assessed the possibility of increasing the sensitivity of the proposed procedure. To do so, after solid extraction, 4 mL of the solvent were evaporated at 50 C using a rotatory evaporator; the residue was redissolved in 400 μL of methanol. The recoveries obtained for benzo[g,h,i]perylene, benzo[a]anthracene, dibenzo[a,h]anthracene, benzo[a]pyrene, benzo[b]fluoranthene and benzo[k]fluoranthene were 94 ± 13% for all compounds. The results showed that after evaporation of the solvent and re-dissolution of the extract, no significant differences in recovery were obtained, indicating it is possible to carry out the preconcentration step following this method. Moreover, this preconcentration step enables the presence of indeno [1,2,3-cd] pyrene to be detected.
Recommended procedure
As is indicated, the analyte recovery rate is a sample volume and sample matrix function. Consequently, to determine polycyclic aromatic hydrocarbons in real samples, calibration solutions subjected to the same sample treatment must be used. Moreover, the analysis of a spiked sample must be carried out in parallel to provide the recovery of each analyte in each matrix.
In this way, an aliquot of 10 mL of sample or standard solution is placed in a beaker and NaCl is added to provide a 2 M salt concentration. Then, the sample is suctioned into the extraction cartridge containing 500 mg of solid phase by using a vacuum; the flow rate of samples through the cartridges is 3 mL min -1 . Next, the cartridge is washed with 2 mL of water and dried with air for 2 min. Finally, PAH are eluted with 4 mL of methanol and the solvent is evaporated under vacuum at 50 C and redissolved in 400 μL of methanol.
Analytical figures of merit
The analytical parameters obtained for the described method (limits of detection and quantification, study of reproducibility through coefficients of variation and linearity) are given in Table 2 . The detection and quantification limits are referred to sample aqueous solutions, which were calculated by applying the concentration factor of the method previously established during the optimization study.
Results for the matrix effect indicated that recovery rates using different water matrices were affected as it can be seen in Table 3 , where it seems important to highlight the case of the salt-water matrix, whose analytes recoveries where the most significantly affected. This may be due to the various alien compounds contained in this type of water, which can affect the analytes recovery, which results in a matrix effect. Moreover, the ionic strength is not as easy to control in salty water as in other water types. This matrix effect is lower in the freshwater case, taking as an example recoveries obtained for water-hole matrix and river-water matrix. On the other hand, in the tap-water case it can be seen a variation of the results, which is higher when spiking with 0.1 μg L -1 , even though this is simply due to the lower concentration used. For all of these reasons, before a possible matrix effect occurring when using natural waters from different sources, for future applications of the described method, the use of a standard addition calibration would be advisable.
As can be seen, the PAH recovery rates are similar to the rates reported in other published procedures (Table 4 ). Moreover, the quantification limits in absolute units are also similar to those obtained with other procedures using the same analytical technique. Furthermore, the volume of the solvent used in the proposed procedure is lower than the volume employed by most other methods, excepting when the sample treatment is based on thermal desorption. Thus, procedures based on solid-phase extraction consume a higher solvent volume. In most cases, the solvent used to carry out the sample treatment is more toxic than methanol, as can be deduced from the environmental limit values reported in the literature. 33 Finally, the time required to perform sample processing is significantly more expedient than most other published procedures.
Analysis of samples
The proposed procedure was applied to determine PAH in water samples. Nine real samples were analyzed: One from València port, two from Bellús reservoir (Vall d'Albaida, València), one from near the dam and the other upstream from the top of the reservoir. The fourth sample was collected from Canyoles River (Xàtiva, La Costera, València), the fifth from a spring in Lleó (Barxeta). Another sample was from the Xúquer River, near Cullera port (La Ribera Baixa, València). We also determined PAH in water from the Malvarrosa beach in València, the Túria River in Chulilla and a water-hole in Canyada del Corral, Torrent. Results are given in Table 5 .
The concentration of benzo[a]pyrene was below 270 ng L -1 , the maximum permissible concentration in inland surface water, in all samples where it could be quantified, but it seems important to highlight the case of the hole-water sample, because its concentration is close to that allowed by legislation. 6 The results of analyzed samples indicated that the total content of benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[g,h,i] perylene and indeno[1,2,3-cd]pyrene was below 100 ng L -1 in all cases, in accordance with the minimum requirements for human drinking water established (98/83/CE). As can be seen, this is not the case for the hole-water sample.
Finally, the addition of a standard followed by a recovery check was carried out to validate the described method. The results obtained for the salt-water matrix were 98 ± 10, 80 ± 11, 94 ± 3, 89 ± 3, 96 ± 20 and 83 ± 14% for benzo [ Table 3 evidence the lack of the need for a recovery check with other water types, since the influence of matrices in those cases was not as significant as in the salt-water case.
Conclusions
From the study reported here, it can be concluded that the cyclodextrin-silica hybrid microporous solid phases are alternatives to other sorbents used for solid-phase extraction of the treated analytes.
The proposed procedure can be used to determine PAH in drinking water with a good selectivity and for the quality control of waters in accordance with the 2013/39/UE and 98/83/CE directives, since the detection limits of the proposed procedure are below the tabulated values. Moreover, the detection limits of the proposed procedure are similar to those obtained using other procedures described in the literature.
The here-described method has the advantage that it reduces the use of solvents, and also uses less toxic solvents than those commonly used to treat samples. Finally, the method has an additional advantage; the time required to perform sample processing is significantly less than that of most procedures reported in the literature. 
